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METRIC CONVERSIONS

Inch-pounds units used in this report may be converted to
International System of Units (SI) of measurements by the following
conversion factors:

Multiply Inch—pound units By To obtain SI units
inch (in) 25 .4 millimeter (mm)

foot (ft) 0.3048 meter (m)

mile (mi) 1.6093 kilometer (km)

acre 0.4047 hectare (ha)

square foot (ft2) 0.0929 square meter (m2)
square mile (mi2) 2.590 square kilometer (km?2)

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
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A DIGITAL MODEL FOR STREAMFLOW ROUTING
BY CONVOLUTION METHODS
By W. Harry Doyle, Jr., James 0. Shearman,

Gloria J. Stiltner, and William R. Krug

ABSTRACT

7.5. Geological Survey computer model, CONROUT, for routing
streamflow by unit-response convolution flow-routing techniques
from an upstream channel location to a downstream channel location
has been developed and documented. Calibration and verification
of the flow-routing model and subsequent use of the model for
simulation is also documented. Three hypothetical examples and
two field applications are presented to illustrate basic flow-routing
concepts. Most of the discussion is limited to daily flow routing
since, to date, all completed and current studies of this nature
involve daily flow routing. However, the model is programmed to
accept hourly input data.

INTRODUCTION

CONROUT, a Digital Model for Streamflow Routing by Convolu-
tion Methods, can be used to route a streamflow hydrograph
from an upstream location to a user—defined location downstream and
produce an outflow discharge hydrograph. The model uses convolution
techniques for streamflow routing computations. A convolution
model treats a stream reach as a linear, one-dimensional system
in which the input (upstream hydrograph) is convoluted with the
unit response of the system to determine the output (downstream
hydrograph) . Two options are available in CONROUT for determining
the unit response. Successive downstream routings involve stepwise
routing from point to point using the previously computed outflow
hydrograph as the inflow hydrograph to the next reach. Also,
flows from tributaries, distributaries, and reservoirs have to be
considered and adjustments made to compensate for these components.

The product of CONROUT is a simulated outflow discharge hvdro-
graph at the end of the reach. The routing time step is either
hourly or daily. The program will also compare simulated discharges
to observed discharges (SUBROUTINE COMPAR) for calibration and will
also plot (SURROUTINE PLOT) the results. CONROUT can be used to
estimate streamflow for periods of missing records. These data
can then be used in statistical analyses to determine streamflow
characteristics.



The purpose of this report is to provide a user's manual for
CONROUT. The many options and features of CONROUT are described
and discussed. Also, an overview of several hypothetical and
field flow-routing applications is presented to aid the user. In
addition, information is included for retrieving and transforming
data for input to CONROUT.

DESCRIPTION OF MODEL

CONROUT is a streamflow routing model which may be used to
simulate either hourly or daily streamflow. The model may be used
to: (1) copy hydrographs; (2) combine hydrographs; (3) change
the timing of hydrographs by lagging one or more routing intervals;
(4) multiply hydrographs by ratios; and (5) route hydrographs to
downstream locations. These five operations provide the user many
different possibilities for streamflow simulation. For example,
depending upon where simulation information is needed, a simple
transposition of an upstream hydrograph to a downstream location
might be sufficient. This can be accomplished by copying the
upstream hydrograph directly. TIn other situations, reach
characteristics influencing time of travel, attenuation and disper-
sion might be such that the upstream hydrograph can be transposed
downstream in size and shape as is, but delayed in timing by one or
more routing intervals. When reach characteristics are important
enough to affect the shaping of the downstream hydrograph then the
model can be used to route upstream streamflow to downstream
locations., The routing process does consider the effects of wave
movement and attenuation and dispersion. Finally, the ability to
combine hydrographs and proportion hydrographs by multiplying by
ratios enables the user to account for tributary inflows and inter-
vening ungaged flows that may be indexed to a gaged station streamflow.

Various combinations of the above operations are also possible,
Furthermore, results from one operation (or combination of opera-
tions) can be used as input to a subsequent operation (or combina-—
tion of operations). Such stepwise computations can be made within
a single program execution or by a series of program executions.
Thus, the model is applicable to modeling studies ranging in scope
from a single stream reach to an entire watershed.

CONROUT's hydrologic component for streamflow routing consists
of a unit-response function and the convolution technique of Keefer
(1974) . The unit-response function defines the discharge at the
downstream end of a modeling reach as a function of the inflow at
the upstream end. Basically, the unit-response function defines
the percentage of an upstream inflow that will arrive at the down-
stream end during the unit time (hourly or daily) and each successive
unit time. Discharge at the downstream end for each unit time is
the summation of the contribution of inflow at the upstream end
from that unit time and each preceding unit time,
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The behavior of a flood wave in a channel between an upstream
location A and a downstream location B is controlled by the physical
characteristics of the reach between the two locations. The type of
physical setting along the channel influences the unit response
which is reflected in the attenuation and dispersion of a flood
wave as it moves along the reach. The determination of the unit
response enables us to predict the resulting hydrograph shape as a
flood wave proceeds downstream.

Convolution is a concept basic to linear system theory. A
system input is combined through the convolution process with a
system response function to produce the predicted system output.

In the case of flow routing the system input is the upstsream inflow
hydrograph, the system response function is the unit-response
function, and the system output is the resultant downstream discharge
hydrograph. The convolution technique is essentially identical to
the unit hydrograph computation in that rainfall is convoluted with

a unit hydrograph to produce the basin discharge hydrograph.

The convolution technique can be applied in streamflow routing
because the system 1s assumed to be linear and individual responses
may be superimposed to obtain a composite response. The technique
first requires determining the system's response to a single unit of
input. As an example, figure la illustrates that the unit-response
function for the reach between A and B distributes a unit input of
1 ft3/s for a duration of 1 day at A into a hydrograph at B. The
unit-response ordinates (0.12, 0.38, 0.30, 0.15, and 0.05) are used
to distribute the 1 ft3/s inflow that passes A into 5 separate
parts, each lagged by a time step of 1 day as seen in figure 1b.
Figure lc shows that with the same unit-response ordinates as in
figure la that 10 days of inflow at A are distributed, lagged, and
accumulated accordingly over a 14 day perid at B. Figure 1d is a
graphical representation of figure lc with the system input
(inflow hydrograph at A) being disaggregated into separate individual
unit responses (in the lower part of figure 1d) and then accumulated
into the composite system output (outflow hydrograph at B).
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Figure 1.-— Streamflow routing along a stream reach using a unit-reponse
function and the convolution technique.
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Determination of the system's response and convoluting the
response with an upstream inflow to produce a downstream discharge
is not the total solution for most flow routing problems. The
convolution process makes no accounting whatsoever for streamflow
from the intervening area between the upstream and downstream
locaations. Such streamflow may be totally unknown or some combina-
of gaged and ungaged streamflow. Of course the problem of
intervening streamflow can be minimized in some cases by proper
selection of routing reaches. However, most flow-routing applica-
tions will require some procedure for estimating, at least in
part, intervening streamflow and combining these streamflow with
routed hydrographs. An estimating technique that should prove
satisfactory in many instances is the multiplication of known stream—
flow at an index gaging station by a drainage—area ratio. The
drainage—area ratio is computed as the ratio of intervening ungaged
drainage area to the drainage area of one or more index stations.
Such a procedure can be accomplished easily and directly when
using CONROUT. Some flow-routing problems will require varying
degrees of increased complexity for estimating intervening streamflow.
Such cases require that the streamflow estimates be made externally
from CONROUT. Wowever, CONROUT can treat such estimates as tributary
inflows if they are stored in compatible data files.

FLOW ROUTING METHODOLOGY

CONROUT provides the user two different methods, diffusion
analogy and storage-continuity for determining the unit response.
Both methods will compute a single unit-response function while the
diffusion analogy method can also be used to compute multiple unit-
response functions.



Diffusion Analogy Method

The differential equations derived by Saint-Venant (1871) for
one-dimensional unsteady flow are the theoretical basis for the
diffusion analogy method. Assuming no lateral inflow the Saint-
Venant equations for channel flow are a continuity equation:

3Q A
—_—t+— =0 @))
X at

and a momentum equation:

13v vV aY
—— 4+ — 4+ — 4+ 8§ =-85,=0 (2)
g ot gox  9x

in which
Q = volumetric rate of flow,
A = area of flow,
x = longitudinal distance along channel,
t = time,
Y = depth of flow,
V = average cross—sectional velocity,
g = acceleration due to gravity,

Sg = friction slope, and
So = bed slope.

These complex equations have no analytical solutions, except for
cases where the channel geometry is unform and the non—-linear
properties of the equations are neglected or linearized. However,
with numerical techniques and computers, the equations are solvable.

While flow routing models use the continuity equation as shown
in equation 1, the momentum equation may be used in the form of
equation 2 or in an abbreviated form depending on which terms are
retained. The individual terms in the momentum equation from left
to right are, respectively, dimensionless measures of the local and

1 3v  vav 3y
convective acceleration (——— +—) , the pressure (— , frictional
g ot gix 9x
(Sg), and gravity (S,) forces. Models that retain all five terms
are called complete dynamic models., If the acceleration terms are
neglected, the resulting equation is referred to as the diffusion
wave method, and if, additionally, the pressure term is dropped,
the resulting equation is referred to as the kinematic wave method.



The kinematic wave and diffusion wave approximations of the
momentum equation provide simpler and faster computer solutions
than the full dynamic equation and therefore are often used instead
of the complete dynamic model. The choice of the approximation
depends on which terms must be retained in equation 2 to accurately
describe the stream system. Henderson (1966) gives the following
values for terms of the momentum equation taken from a fast-rising
flood for an actual river in steep alluvial country:

Sos 3, vav, 19V,
ax g9x g at
Feet per/mile 26, 1/2, 1/8 to 1/4, 1/20

These figures were computed for a flood in which the discharge increased
from 10,000 £t3/s to 150,000 ft3/s and decreased again to 10,000 ft3/s
within 24 hours. Even in this case, where the acceleration terms

were comparatively large, they still are not as important as the

bed slope term (S,;). In some situations, however, the discharge

and bed slope can determine the magnitude of the other terms. On
very small slopes (S, small) the pressure term might well be the

same order of magnitude as S,. If the discharge rises fast,

then all terms may be important (especially on flat to moderate
slopes) . Omitting even small terms (in these situations) from the
equation can introduce errors into the solution.

It has been shown repeatedly in flow-routing applications
that the kinematic wave approximation always predicts a steeper
wave with less dispersion and attenuation than may actually occur.
This can be traced to the approximations made in the development
of the kinematic wave equations wherein the momentum equation is
reduced to a uniform flow equation of motion that simply states
the friction slope is equal to the bed slope. If the pressure
term is retained in the momentum equation (diffusion wave method),
then this will help to stop the accumulation of error that occurs
when the kinematic wave approximation procedure is applied.



The more general diffusion wave model reduces to the diffusion
analogy method by rewriting the continuity and momentum equations
for a unit-width channel in terms of unit discharge (q) and depth
(y). The equations are then combined and linearized about a ref-

erence di
(Reefer,

Fxrma
oo

(3)

scharge. The resulting diffusion equation is as follows
1974):

aq 32q 3q

— =K, —-C, —

at ax2 ax

discharge per unit width,

time,

distance,

wave dispersion or damping coefficient, and
flood wave celerity.

Ko controls the spreading of the wave and C, controls the traveltime.

The wave dispersion coefficient, Ko (in units of ftz/s),

can be co

wn O
(<]
[

The flood

mputed for a stream reach by the equation
Q
Ko=-——-——-—-—-
2 Sy W,

= gtream discharge in ft3/s,

average bed slope in ft/ft, and

(4)

average channel width for a particular study reach in ft.

(5)

wave celerity, C, (in units of ft/s), can be computed from
1 dQo
Co =—
Wo dyo

where (dQ,/dy,) in ft2/s 1s the slope of the rating curve (stage-

discharge relation) at Q,; and W, is as previously defined.

Physically

a high C, value means the flood wave will arrive sooner than one at a
lower C, value, and a high K, value results in a hydrograph being
flatter and more spread out than that resulting from using a low K,

value.



The physical characteristics of the channel used to determine
Ko and Cy in equations 4 and 5 should be representative of the
entire reach. 1In natural channels, they vary throughout the reach.
Therefore, the initial estimated K, and C, values will probably
require adjustment during model calibration when simulated data
are compared to observed data.

Keefer and McOuivey (1974) expressed the solution of equation 3
corresponding to specific boundary conditions by

1 X -(Cot—x)2
exp

(6)

q(x,t)=

where m is a constant (3.1415927). This equation expresses the instan—
taneous unit response of a system at location x and time t. It can

be seen that with K,, C, and x as parts of equation 6, that the
physical characteristics of the channel such as bed slope, width and
length determine the shape and time of the unit output response of the
system. An assumption here is that channel flow losses and gains

are negligible.

A mathematical tool, the convolution integral, can be used to
obtain output discharges Q(x,t) by integrating the system response(s)
and upstream discharges over a time interval from 0 to t or

t
a(x,t) = [ 0(0,t-1) h(t) dr (N
0

where equation 6 is computed for a given x and replaces h(t) in
equation 7, and 0(x,t) is the discharge at the downstream location.

Single Linearization

The single linearization method linearizes around a single
discharge; therefore, only one K, and C, are used. However, wave
celerity and dispersion can change with discharge. The computed
output may be distorted when wide variations in discharge are
considered (Keefer and McQuivey, 1974). Low flows arrive too
soon and are over—damped if the model 1s linearized about a high
discharge, whearas high flows arrive late and are under—damped
1f the model is linearized around a low discharge. Nonetheless,
the single linearization method 1s the easiest and cheapest to use
in the model. Also, it is unconditionally stable and mass conser—
vation is guaranteed. Therefore, it is recommended if the magnitude
of flow peaks is the primary concern and timing errors are not
critical (Keefer, 1976). If flow duration is of concern, then
the multiple linearization option should be considered.

9



Multiple Linearization

Single linear system flow routing models suffer from two major
drawbacks. First, single linearization prevents such models from
correctly predicting wave celerity and wave dispersion over a wide
range of discharge. The range over which a single response func-
tion may be used is determined by the stream characteristics. Second,
single linear system models are not capable of accurate predictions
under backwater conditions. No provision is made for downstream
boundary influence. Multiple linearization will correct the first
problem but not the second.

It is well documented in the literature (Harley, 1967, Schwarz
and Friedland, 1965) that stream channels behave nearly as single
linear systems over small discharge ranges. Multiple linearization
simply couples several such systems together and divides the inflow
among the systems in an appropriate way. A multiple convolution of
the divided inputs 1s performed with the several response functions,
and the results are recombined to form the predicted outflow hydro-
graph.

The difficult part of multiple linearization is selecting the
increments for dividing up the inflow and computing the response
functions. These two problems are handled internally in the program
using the methods described by Keefer and McQuivey, 1974,

The primary variables for the multiple linearization method are
a table of discharge (Q,) versus wave celerity (C,) and a table of
discharge (Q¢) versus wave dispersion coefficients (Kp). The
celerity and dispersion at each discharge are computed exactly as
for the single response function model, except several discharges
of different magnitudes are used instead of one. The program
selects an optimum number of response functions and divides the
inflow appropriately based on the tables.

Multiple linearization will produce significant improvement in
traveltime predictions over a single response function model for
hourly data. Root-mean-square errors can typically be reduced from
10 to 50 percent (Keefer and McQuivey, 1974) by using multiple
linearization. The improvement in daily routing is less dramatic.
In some instances, the errors may actually increase.

Keefer (1976) has compared the multiple linearization technique
to a finite-difference technique. In wide rectangular channels the
answers are nearly identical when using the procedure described earlier
for determining the celerity and dispersion coefficients. In narrow
nonrectangular channels some calibration is needed to achieve equivalent
accuracy.
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Storage—Continuity Method

The Sauer (1973) unit-response model, referred to as the
storage-continuity method, does not use the theory of diffusion
analogy. Sauer's model derives the unit—-response function by
modifying a translation hydrograph technique developed by Mitchell
(1962) . A triangular pulse (Keefer and McOuivev, 1974) is routed
through reservoir-type storage and then transformed by a summation
curve technique to a unit response of desired duration. Sauer
defines a storage coefficient Ky, as the slope of the storage-
discharge relation in the routing reach, and Wg, the translation
hydrograph time base. These two parameters determine the shape of
the resulting response function. Ky behaves like and is comparable
to the wave dispersion coefficient K, in the diffusion analogy
method. Also, if the traveltime is held constant, Wg is analogous
to the wave celerity C,.

Sauer (1973) describes in detail the physical significance
of K5 and Wy and how initial estimates can be obtained from available
streamflow data or from channel characteristics. Kg is equivalent
to the time required for the center—-of-mass of the flood wave to
travel through the reach, minus the travel time, TT, required for
the leading edge of the flood wave. The best estimate of K4 can
be made from the recession of an outflow hydrograph. Wg is difficult
to estimate, even from actual streamflow records, but fortunately
it is rather insensitive and successful routing results can be
obtained with crude estimates of Wg. In some instances, such as
for reservoir releases, timing of critical points of the inflow
and outflow hydrograph can be determined fairly accurately. In
these cases, the travel time of the end-of-runoff (inflection
point of the recession) minus the travel time of the leading edge
is roughly equal to Wg.

In Sauer's original model, an attempt was made to adjust the
simple linear model to account for variations in traveltime with
discharge. Each input discharge was routed using a traveltime
based on the antecedent discharge in the reach. This procedure
improved the predicted arrival times with streamflow changes but
resulted in what Sauer refers to as "stacking” and "separations”
in the output hydrograph. These problems resulted from the slowing
down or speeding up the entire streamflow rather than varying the
velocity of components of the streamflow. The storage-continuity
method in CONROUT uses a constant traveltime to avoid these problems.

11



APPLICATIONS OF THF MODEL

Calibration, Verification and Simulation

Application of a mathematical model typically involves three
steps: (1) model calibration, (2) model verification, and (3)
system simulation. Sometimes the first two steps are considered
one step and referred to as either calibration, verification, or
parameter optimization. Nevertheless, the system input and the
corresponding system output must be known for some period of time
and range of conditions to permit determination of model parameters.

For the typical three—-step approach approximately half of the
known system input and system output data are utilized for model
calibration. The calibration process yields an optimum set of
model parameters that best duplicates the relationship between
the known system input and system output data. Model parameter
optimization techniques range from totally automated objective
best-fit procedures to procedures involving various degrees of
manual iteration to obtain an “"eyeball” best fit.

The remaining observed system input data and the model para-
meters determined in the calibration step are used to verify the
model. Computed system output is compared with corresponding
observed system output to evaluate the accuracy of the model. An
unsatisfactory comparison means a poor verification and could
point out model deficiency, that is, a process that wasn't covered
in the calibration phase.

After successful calibration and verification, the model may be
used to simulate system output for any input condition(s) of interest.
The input data may be actual observed data (for which system output
data were not observed) or hypothetical data representing input
for any condition(s) to be studied. Resultant simulated system
output data may be used to arrive at conclusions relative to the
given input condition(s) or to make comparisons of various system
input condition(s).

An overview of a typical modeling application was presented
above. The following paragraphs relate the above processes to CONROUT
applications. Examples presented in the next two sections provide
additional detail as well as further clarification of data require-
ments and approaches to several modeling problems.

Calibration and verification of CONROUT requires concurrent
observed streamflow data at both the system input and output sites.
The system output site is that downstream station at which it is
intended to simulate streamflow data. The input site(s) include
any upstream station(s) from which flows are to be routed and any
index station(s) to be used for estimating intervening flow. 1In
addition, data describing physical characteristics of the reach
are needed to estimate model parameters.

12



Unfortunately, an automated optimization procedure which can
determine optimum model parameters and intervening flow estimates
directly from known input and output streamflow data is not available
in CONROUT. Therefore, CONROUT calibration requires a high degree
of manual iteration and “"eyeball” best fitting. Each iteration
involves the use of trial estimates of model parameters and inter-
vening flow with known input to compute system output. Corres-
pondingly, computed and observed system output are compared to
determine the validity of the trial estimates. Computed mean
errors, volume errors and root—mean—square errors are computed by
CONROUT and are one primary measure of success. However, for
total evaluation of the trial estimates, it is almost imperative
to also make some comparisons on a day-to-day basis (using both
numerical and plotted daily flow data). Obviously, if long data
sequences are used in this process, the task of zeroing in on
acceptable estimates of model parameters could be insurmountable.
Therefore, CONROUT calibration 1s based on relatively short segments
of the observed data which are chosen to cover a relevant range of
flow conditions.

When it appears that the estimated model parameters are satis—
factory, model verification is attempted. The final trial estimates
from the calibration step are combined with the system input(s) for
the entire period for which observed system output data are available.
Comparisons of the resultant computed system output with corresponding
observed data are made using flow characteristics such as flow volunme,
flow-frequency relations, and flow-duration relations. Uafavorable
comparisons indicate that the model doesn't work or that the modeler
may have made a mistake whereas favorable comparisons indicate that
the model 1s suitable for system simulation.

Hypothetical Examples

Examples presented in this section provide a sample of applica-
tions for which CONROUT is well suited. These examples are idealized,
hypothetical and simple cases designed to introduce some basic con-
cepts of flow-routing. The next section of the report contains
actual field examples. Completed modeling studies are documented
for the Kentucky River (Shearman and Swisshelm, 1973), the Flambeau
River (Krug, 1976), the Susquehanna River (Armbruster, 1977) and
the Wisconsin River (Krug and House, 1980) . The reader is urged
to consult these references for a better understanding of flow-routing
applications of varying complexity and requiring diverse approaches.

13



Example 1

A stream reach for which daily streamflow data have been
observed for 10 years at the downstream station (site B) and for
30 years at the upstream station (site A) is fllustrated in figure
2. Site B data are concurrent with the middle 10 years of site A
data. Xnowledge of low-flow frequencies at site B 1s required to
make decisions regarding wastewater discharges into this stream
reach.

One obvious approach to obtain the desired information is to
use the 10 years of observed data at site B to estimate low-flow
frequencies. However, the low-flow events observed at site B over
this 10-year period may not be representative of long-term hydrologic
conditions, especially if this period was abnormally wet or dry.
Use of estimated low-flow frequencies for a 10-~year period could
thus result in very poor planning.

Another possible approach is utilization of correlation tech-
niques using observed data at both site A and site B to arrive at
adjusted low-flow frequency estimates at site B. This involves
correlation of low-flow data at sites A and B for the 10 years of
concurrent data. This correlation and the long-term (30-year)
low-flow frequency estimates at site A are used to adjust the
short-term (10-year) low-flow frequency estimates at site B. These
adjusted low-flow frequency estimates are equivalent to those that
would result from more than 10 but less than 30 years of observed
data at site B. The equivalent record length and the reliability
of the adjusted low-flow frequency estimates depend upon the strength
of the correlation between sites A and B low-flow data for the con-
current period of record.

A third approach would be simulation of 30 years of streamflow
data at site B using a streamflow routing model such as CONROUT. A
fairly good foundation for model calibration and verification is
provided by the 10 years of concurrent data at sites A and B.

Model calibration utilizes relatively short segments of site A
streamflow as system input. Several such segments should be selected
to cover the entire flow range with emphasis placed on lower flows
since low-flow frequency is the desired end product. For each such
segment streamflow at site B (system output) may be computed for any
trial estimate of model parameters (routing coefficients and inter-
vening flow estimates) . These computed flows are compared to cor—
responding observed flows for each segment. Adequacy of the results
is assessed on the basis of visual comparison of computed and observed
hydrograph plots and numerical statistics for computed and observed
daily flow and total volume differences. Minimum volume errors
are not always accompanied by minimum daily volume errors (nor
vice versa) . Also, the magnitude of errors that are acceptable
may vary for different segments. In this low-flow oriented study,
for example, significant daily flow errors in the vicinity of a
peak may be acceptable if the corresponding volume error is small.
Therefore, trial estimates of the model parameters are refined until
some optimum balance of errors (both within and among segments) is

achieved.
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Given:

Reguired:

Alternative I:

Alternative II:

Alternative III

oo

Sites A with 30 years of streamflow record and B
with 10 years of streamflow records.

Low-flow estimate (that is, Q7, jg) at site B.

Use 10 years of observed record for the low-flow
frequency analysis.

Correlation of low flows between sites A and B.

(1) Use 10 years of observed record for calibration and
verification of selected streamflow routing model.

(2) Use the best unit response and intervening flow
estimation determined from above procedure to
simulate 30 years of streamflow data at site B
using the 30 years of observed record at site A
as the system input.

(3) Use the 30 years of simulated data in the low-flow
frequency analysis.

A Site B Gaging station
(1956-1965) Period of record

Wastewater discharge

Site A
(1946-1975)

to stream

(1956-1965)

Figure 2 .--Stream reach for hypothetical streamflow routing example.
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Model verification utilizes the calibrated model parameters and
10 years (1956-65) of observed site A flow to simulate 10 years of
site B streamflow. Model parameters are considered verified if these
simulated flows agree within predefined error acceptance criteria
for the 1956-65 observed data at site B. Adequacy of the agreement
can be evaluated on the basis of flow characteristics such as
annual and total flow volumes, low-flow frequency relations, and
flow-duration relations.

The error acceptance criteria are influenced by the project
objectives and time and resources available to fine tune the model.
Previous modeling with CONROUT by Maine Water Resources Division
personnel demonstrated that the model could reproduce data for
90 percent of the observed population to within 10 percent
(Fontaine and others, 1983). The Maine analysis producing these
results was an ideal application of CONROUT and results will vary
depending upon the complexity of the stream system.

Verified model parameters and 30 years (1946-75) of observed
flow at site A provide the necessary data to simulate 30 years of
streamflow at site B. Assuming that reasonable error acceptance
criteria were used for model calibration and verification, these
simulated data are a better representation of long-term hydrologic
conditions than are the 10 years of observed data at site B.
Therefore, low-flow frequency estimates based on the simulated
data provide improved hydrologic input for the planning process.

Example 2

The same stream reach used in example 1 except that in addition
to the wastewater discharge near site B there is a proposed reservoir
near site A as is illustrated in figure 3. Therefore, the required
low-flow frequency estimates must be on regulated flow data rather
than the natural flow data that are available.

The following approach to this problem is based upon several
assumptions: (1) a mathematical model can be designed to adequately
represent the proposed reservoir; (2) natural flow at site A is the
inflow to the proposed reservoir; and (3) the reach characteristics
and the drainage area between the outflow point of the proposed
reservoir and site B are not significantly different from those
between site A and site B.

The first two of the above assumptions imply that it is possible
to simulate 30 years of reservoir outflow. As per the third assump-
tion, these regulated flows traverse a reach essentially {identical
with the reach between site A and site B and the intervening flow
is likewise unchanged from natural conditions. Therefore, these
simulated reservoir outflows can be used as the input to CONROUT
which has been calibrated and verified as per the discussion in
Example 1. The output represents 30 years of simulated, regulated
streamflow at site B. Low-flow frequency estimates based on these
data provide the necessary logic input to the planning process.

16



Given: Identical to previous example except a reservoir is
proposed just downstream of site A.

Required: Low-flow estimate for regulated streamflow at site B.

Approach: (1) Calibrate and verify streamflow routing model as in
previous example,

(2) Use a digital model of the reservoir with 30 years of
observed flow at A as reservoir inflow to simulate
30 years of reservoir outflows.

(3) Use 30 years of simulated resevoir outflow as system
input to the streamflow routing model to simulate 30
years of regulated flow at site B.

(4) Use 30 years of simulated, regulated flow at
site B in the low-flow analysis.

A Site B Gaging station
(1956-1965) Period of record

Site A
(1946-1975)
Proposed
dam site

Wastewater discharge
to stream

Site 8

(1956-1965)

Figure 3 .--Hypothetical stream reach with proposed reservoir.
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Example 3

A basin in which daily streamflow data have been observed at
the six sites indicated by letters A through F is illustrated in
figure 4. Drailnage areas above the sites are indicated in parentheses.
Data have been collected at sites B and F for a much shorter period
of time than at the other four sites. Someone wants an estimate of
daily flow at site F for the longest possible time period.

The solution to this problem would involve application of
CONROUT to two separate stream reaches, site A to site B and
sites B and C to site F. Without specific stating of the routing
coefficients, the two equations in figure 4 indicate possible
relationships resulting from calibration and verification processes.

Bg = (Ag) r + 0.27 (A,) (8)
Fg = (Bg + Co)pr + 1.33 (D, + Ep) (9

where subscripts

o = observed flow at referenced location;
r = routed flow from referenced location; and
s = simulated flow at referenced location.

The first equation, for simulated flow at site B (Bg) has a
routed flow component and an intervening flow component. The routed
component, (Agy)r, is the observed flows at site A routed to site B.
The intervening flow component, 0.27(A,), is the observed flow at site
A multiplied by the ratio of ungaged drainage area between sites A and
B (2100 mi2 - 1650 mi2 = 450 miZ) to the drainage area at site A (1650
mi2) . This ratio is referred to as the drainage-area ratio. The equa-
tion for simulated flow at site F (Fg) also has a routed component and
an intervening flow component. The routed component, (Bg + Cy)yr, is the
sum of simulated flow at site B and observed flow at site C routed to
site F. The intervening flows are estimated using the sum of observed
flows at sites D and E as the index with 0.33 being the ratio of ungaged
area (3800 mi2 - 2100 m12 - 1100 m12 ~ 275 mi2 -~ 175 mi2 = 150 mi?) to
the drainage area of the index stations (175 mi2 + 275 mi2 = 450 mi2).
Of course, the expression 1.33(Dy + Eg) is the total sum of the tributary
inflows and estimated intervening flow.

18



Given: Long~term records at sites A, C, D, and E;
short-term records at sites B and F.

Required: Long~term record at site F.

e

Su

A
(1650) ,

c
(1100) (21%0) H EXPLANATION

AA*  Gaging station
‘ " 1705) (1650) Drainage area(mi®)

FLOW RELATIONS
E Subscripts used are:
\ (275) o=observed
s=gimulated
r=routed

\ Bs=(Ag)r +0.27(Ao)

F
', (3800)

\ Fs'(BsCo)r +1.33(Do+Ey)

Figure 4 .~-Hypothetical streamflow routing example for multiple reaches.
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Field Examples

Two examples of actual field applications of CONROUT are pre-
sented in this section. Although they are fairly simple examples,
they do illustrate how the required model input data are prepared.
More complicated applications will use these principles as a basic
foundation.

Example 1

This example is from the Flambeau River study (Krug, 1976).
Briefly, the purpose of the study was to determine the low-flow
frequency of the Flambeau River at Park Falls (figure S5). There
were no streamflow records at the site. Transfer of low-flow
characteristics from other gaging stations was not considered
reliable because the stream is highly regulated. Gaging station
data available for this study are summarized in table 1.

The basic approach consisted of two simulations with two
routing reaches each. The first simulation included routing from
Flambeau Flowage to Butternut, then from Butternut to Winter.
After these reaches were calibrated and verified, the same model
parameters were used for the second simulation, routing from Flambeau
Flowage to Park Falls and from Park Falls to Winter. In all cases,
a drainage—area ratio (ungaged area/index station area) times the
flow of the nearby South Fork Flambeau River near Phillips was
used to simulate ungaged inflow.

In order to determine the model parameters C, (flood wave celerity)
and K, (wave dispersion coefficient) for these reaches, it was
necessary to determine the width (W,) and slope (S,) of the channel
and the slope of the stage discharge relation (dQy/dy,) . The width
of the channel was determined from topographic maps and from discharge
measurement notes at gaging stations. The slope was determined from
topographic maps while dQ,/dy, was determined from the rating tables
for the gaging station.
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Table 1 .--Drainage areas upstream from sites and availability of

surface~water records

River Drainage Water
Station miles from area years of
number Station name Park Falls (mi2) record
05357500 Flambeau River at 18.34 666 1928-61
Flambeau Flowage.
05358000 Flambeau River near 8.53 737 1915-38L1/
Butternut.
-------- Flambeau River at 0 769 ————————
Park Falls. 2/
05358500 Flambeau River at 35.12 1,000  1930-753/
Babbs Island near
Winter.
05359500 South Fork Flambeau
River near Phillips. - 615 1930-75

1/Unregulated flows for the 1915~26 period.

g/Not a st

reamflow gaging station.

Q/Streamflow data were collected for the entire period; however, all or

part of the data for water years 1940, 1952, and 1960 were missing from

the computer files and were not available for analysis at the time of

this study.
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The single linearization method was selected and the discharge
used to linearize the routing was the 2-year, 7-day low flow. This
low flow was chosen because the primary purpose of the study was to
simulate low flow. The following table lists the parameters
determined for the study. Two different widths were used at the
Butternut gage, appropriate for the reaches upstream and downstream
from the gage, respectively.

Average 1 dog 0o
Discharge Width Slope d0, Co=— Ko=
Site OO Wo So ago wO d}’o ZSowc)
(£e3/s)  (fo) (ft/ft) (£ft2/s) (ft/s) (ft2/s)
Flambeau 110 150 190 1.27 405
Flowage
9.074(10)~4
289 150 262 1.74 1,060
Butternut
289 200
7.290(10)~4 262 1.31 990
Winter 547 280 543 1.94 1,340

For the first trial on each reach, the C, and Ky from the end
points were averaged. Thus the first trial was C, = 1.50 and K, =
730 for the upstream reach and Cqo = 1.62 and K, = 1,160 for the
downstream reach. After several trials, adjusting the parameters
to improve the fit of the summer low flow periods, the final
parameters were C, = 1.5 and K, = 600 for the upstream reach and
Co = 1.5 and K, = 1,000 for the downstream reach.

23



South Fork Flambeau River streamflow data were used to simulate
the intervening inflow for all reaches. Several trials were made
to simulate ungaged inflow using a variety of ratios times the
flow of the South Fork; none of the trials were significantly
better than the drainage-area ratio. As one example of the computa-
tion of this ratio, the drainage area at the Phillips station
(05359500) is 615 mi2. The increase in drainage area from Flambeau
Flowage to Butternut is 71 mi2 or 12 percent of the Phillips
drainage area. Therefore, a ratio of 0.12 times the South Fork
flows was used to simulate the intervening flow.

The program control data cards for the routing on this reach
are as follows: (An explanation of data entries is presented in a later
section of this report)

10 I 1929 1200 q 30 (96! 1200
I=21,6=26,ROUTE,DIFFA
05358000 BUTTERNUT ROUTED FROéM FLOWAGE
C=1.5,K=600,X=9.81 ,REACH=FLOWAGE-BUTTERNUT
I=22,¢=26J RATI®=0.12,ADD
05358000 SIMUATED FLO6W AT BUTTERNUT

This states that file 21 (second card, I=21) contains the observed
flow for the Flambeau River at Flambeau Flowage, that file 22 (fifth
card, I=22) contains the observed flow data for the South Fork
Flambeau River near Phillips, and that file 26 (fifth card, {=26)

is to receive the simulated flow for the Flambeau River near Butternut.
In summary the above cards do the following:

Card l--The period of analysis is defined.

Card 2--Inflow on file 21 is routed by the diffusion analogy
method and output on file 26.

Card 3--Title description card.

Card 4--Model parameters defined for reach.

Card 5--Intervening flow computed.

Card 6--Title description card.
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ExamEle 2

This example is from a study performed on the Wisconsin River
(Krug and House, 1980). The purpose of the Wisconsin River study
was to simulate an equal period of record at all gaging stations on
the Wisconsin River including simulation of the present reservoir
system. These equal periods of record were needed to compute a
consistent set of flood frequency estimates for the Wisconsin River.

Daily streamflow data had been collected at 11 sites on the
Wisconsin River for various periods of time. During the period of
record at most of the longer term stations, several large reservoirs
had been added to the system making the long—term records unreliable
for estimating flood frequency. The shorter term stations would
give flood frequencies that were inconsistant, depending on whether
their period of record included a representative sample of floods.

This example is a segment of a larger model of the Wisconsin
River. 1In this segment, streamflow records are available for the
Wisconsin River at Merrill for water years 1915-1976 and for the
Wisconsin River at Rothschild for water years 1945-1976 (figure 6).
In order to simulate the effects of upstream reservoirs on flood
peaks, a flow routing model is required for this reach to simulate
flow from Merrill to Rothschild plus the ungaged inflow between them.

Two main tributaries enter the Wisconsin River just upstream
from Rothschild; the Rib River and the Eau Claire River. Streamflow
records were available on these streams for substantial parts of
the period for which flow simulation was required at Rothschild.
The Eau Claire River gage had record for water years 1915-1926 and
1940-1976. The Rib River gage had record for water years 1925-1957.
Using correlation techniques, it was possible to extend the record
for the Rib River gage to 1915-1976, based on streamflow records
from an adjacent basin. Because the Eau Claire River basin was not
similar to other gaged basins, no satisfactory correlation could be
found to extend this record.

With data from Merrill, the Rib River, and the Eau Claire River,

it should be possible to extend the record at Rothschild, at least
for the period 1915-1926 and 1940-1944.
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Figure 6 .~—Schematic diagram of the Wisconsin River.

26



The basic data required for computing the unit-response function
include the length of the reach, width of the channel, slope of the
channel, and the slope of the stage discharge relation. The length
of the reach (27 .4 miles) was readily determined from published
reports of river miles along the Wisconsin River. The slope of
the channel at normal (long-term mean flow) conditions was computed
from the length of the reach and the difference between the eleva-
tions of the mean discharge at the gaging stations which was readily
determined from the gaging station records. It was determined to
initially evaluate the unit response coefficients at three different
flow rates: the 7-day, 10-year low flow, the long-term mean flow
and the 10-year high flow. These three flow rates for each station
were taken from published reports. The corresponding slopes of the
rating curves (d0,/dy,) were determined from the rating tables for the
gaging station. The channel width at normal flow was measured at
intervals on topogravhic maps. The mean width was 380 feet. The
widths to use for the higher and lower discharge were determined
from a sampling of representative cross sections and gaging stations
where channel widths could be determined at various discharges.

The computation of model parameters C, and X, for the three flow
conditions is summarized in table 2 for each gaging station.

For each of the three flow conditions the C, and K, computed
for the two sites were averaged. This gave three sets of K, and C,
to be used in the initial calibration. These three sets of
parameters together with an estimate of intervening inflow were
used to simulate flow at Rothschild for several selected periods.
On this initial trial the parameters corresponding to mean flow
gave the best simulation. Small adjustments in K5 and C, did not
improve the simulation significantly, so the mean flow parameters
were accepted as the final values.

Simultaneous with the calibration of K, and C,, the intervening
inflow simulation was being calibrated. The increase in drainage
area between Merrill and Rothschild is 1,260 mi2. Of this, 303 mi2
is upstream of the Rib River gaging station and 375 mi2 is upstream
of the Eau Claire River gaging station. The remaining 582 mi2 is
ungaged. This is 86 percent of the combined area of the two
tributary gaging stations. The simplest simulation of the intervening
area would be to multiply the combined flows from both tributaries
by 1.86 and add the result to the flows routed from Merrill to
Rothschild. This was the first trial used for estimating intervening
area ungaged flow during model simulation.
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Table 2.--Model parameters for Wisconsin River study

Average 1 dQ, 0
Site Type Discharge  Width Slope dQ Co= — — Ko=

of Qo Wo So ayo Wo dyo 2SoWo

flow (ft3/s) (ft) (ft/ft) (ft2/s ) (ft/s) (£t2/s)

Merrilll/ Quenn 2,685 380 6.53(10)~% 1,600 4.210 5,410

Merrilll/ % 10 880 322 6.53(10)7% 900 2.795 2,093

Merril1l/ Q0 23,900 567 6.53(10)™* 4,000 7.055 32,275

Rothschild?/ Q... 3,438 416 4.20(100% 1,500 3.606 9,839

Rothschild?/ 0y ;4 950 352 4.20(10)7%4 900 2.557 3,213

Rothschild? o, 49,200 620  4.20(10)74 5000 8.064 94,470

1/Drainage area at Merrill = 2,758.35 mi 2
Slope (Sy,) and Average width (W,) are an average of reach between Merrill and
Rothschild, a distance of 27 .4 mi.

2/Drainage area at Rothschild = 4,020.59 mi?
Slope (S,) and Average width (W,) are an average of reach between Rothschild and

next site (Knowlton) downstream, a distance of 18.0 mi.
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A second trial for the ungaged simulation was indicated by the
fact that the physical characteristics of the intervening area west
of the Wiscoansin River are different from the area east of the
river. The intervening area west of the river is 524 mi2 and the
area east of the river is 736 mi2, For this trial, the Rib River
streamflow was used to simulate all the intervening area west of
the river and the Eau Claire streamflow was used to simulate the
intervening area east of the River. Based on the respective drainage
areas, the Rib River flows were multiplied by 1.73 and the Eau Claire
River flows were multiplied by 1.96. This trial gave a more accurate
simulation of Rothchild flows than the first trial. Other combinations
of ratios were used to try to improve the simulation of intervening
inflow, but none of the other ratios gave better results than the
second trial.

The program control cards necessary for the best simulation
of flows on this reach are as follows:

10 1 1915 1200 q 30 1926 1200
I=2),9=26,R6UTE,DIFFA
05398000 ROTHSCHILD FLOW FROM MERRILL
C=3.9,K=7600,X=27.4,REACH=MERRILL-ROTHSCHILD
1=22,¢=26,RATI®=1.73, ADD
05398000 MERRILL § RIB FLOW ADDED IN
1=23,6¢=26,RATI®=1.96,ADD
05348000 SIMULATED FLOW AT ROTHSCHILD

It is assumed that file 21 (second card, I=21) contains the recorded
flow data from Merrill, that file 22 (fifth card, I=22) contains the
recorded flow data for the Rib River,that file 23 (seventh card, I=23)
contains the recorded flow data for the Eau Claire River, and that
file 26 (seventh card, $=26) is to receive the simulated flow at
Rothschild. In summary the above cards do the following:

Card 1--The period of analysis is defined.

Card 2~-Inflows on file 21 routed by the diffusion analogy method
and output on file 26.

Card 3--Title description card.

Card 4--Model parameters defined for reach.

Card 5—~Intervening flow computed and added to Rothschild flow.

Card 6--Title description card.

Card 7--Intervening flow computed and added to Rothschild flow.

Card 8--Title description card.
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SYSTEM ORGANIZATION AND INPUT DATA REQUIREMENTS

CONROUT was developed on an IBM 360/911/ and is compiled in a
load module under level G Fortran. Input for CONROUT is punched
cards and direct access disk files. Core storage required for
execution depends upon the number of disk files being used (each
file requires slightly more than 3,000 bytes of core). Therefore,
the user should specify a REGION size between 160K (when using one
file) and 190K (for 10 files). A sample program run as illustrated
in Appendix D took 1.42 seconds of execution time. Running under
a priority of class B the job cost $2.22 to execute on the U.S.
Geological Survey's Amdahl computer.

Several computer programs are used in conjunction with CONROUT.
Their relationships to CONROUT are illustrated in figure 7. The
streamflow data used in CONROUT are retrieved from the U.S. Geological
Survey's WATSTORE system and are transformed and edited for input
to the model. After CONROUT has been used to simulate streamflow
data, streamflow statistics programs can be used to analyze both
the simulated and observed data.

These programs and their operation are described in detail in
Appendix D. The remaining sections of this report describe the
different operations that CONROUT can perform and the model input
data requirements.

1/The use of brand names in this report is for identification purposes
only and does not imply endorsement by the U.S. Geological Survey.
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Figure 7 .—-System Organization of CONROUT.

31




CONROUT can do five functions which are as follows:
1. Streamflow computations;
2. Data comparison;
3. Data plotting;
4, Data printout; and
5. Restart.

Six different kinds of input data cards are required to perform
the above functions. These are:

1. Time data;
2. Instructions;
3. Header information;
4. Title information;
5. Routing parameters; and
6. Discharge/wave-dispersion/wave-celerity data.
The functions and required data cards are documented in table 3.

A job may counsist of a single step using one of the first four
fuactions, or it may involve several steps using various combina-
tions of the above functions. If all steps of the job involve the
same time period, then a single Time Data Card (preceding the
instruction card for the first step of the job) will suffice for
the entire job. However, between any two steps in the job which

require different time periods, a Restart Instruction Card followed
by a Time Data Card must be input to redefine the time period.
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Table 3 .~-Program functions and data card requirements

Program function Data card(s) required

I. Streamflow computations A. Time Data cardl/

B. Instruction card
C. Header Information card

D. Routing Parameter card (required
only when ROUTE instruction
specified on B above)

E. Discharge/wave~-dispersion/wave-
celerity cards (required only
when MULT instruction is specified
on B above)

II. Data comparison A. Time Data cardl/

ITI. Data plotting B. Instruction card

IV. Data printout C. Title Information card
V. Restart A. Instruction card

l/If first step of a job or the first step having a time period different

from the previously defined time period.
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Time Data Card

The Time Data Card specifies the period of record for model
execution. The data are coded as follows:

Input item Variable Format Card
name columns
Starting month INITMJ 15 1-5
Starting day INITDY IS 6-10
Starting yearl/ INITYR I5 11-15
Initial time2/ INTTI 15 16-20
Ending month LASTMH 15 21-25
Ending day LASTDY IS 26-30
Ending yearl/ LASTYR 15 31-35
Ending time2/ LASTI 15 36-40
Number of data NRECDS I5 41-45

records plus 1 for
the header record

Routing interval RI F5.0 46-50
daily data = 24.
hourly data = 1.

Print control option NTSOH 15 51-55
NTSH = 0, CONROUT Daily printout and summary
= 1, CONROUT Summary only
2, Same as NTSPH = 0 except with additional output files 3/
3, Same as NTSH = 1 except with additional output files 3/

(]

#

1/Four-digit year such as 1962, 1963, etc.
E/For daily routing, may leave blank or input time in military notation.

_E/Files 17, 18, and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>